The cells of Hydrogenobacter thermophilus strain TK-6contain only a membrane-bound hydrogenase. The membrane-boundhydrogenase was partially purified from the cells of H. thermophilus after solubilization by alkaline treatment. The hydrogenase activity was increased up to 10-fold by the addition of anionic detergents. The hydrogenase reacted with cytochrome c552 obtained from the same strain in the presence of an anionic detergent. Our experiments show cytochrome c552 is a natural electron acceptor for the membrane-boundhydrogenase, and an electron transport system in H. thermophilus strain TK-6is proposed.
Hydrogenases
of aerobic hydrogenoxidizing bacteria can be divided1} into the soluble cytoplasmic enzymes2~4) with the natural electron acceptor being NAD, and membrane-bound enzymes.5~12) Although most hydrogen-oxidizing bacteria contain the latter type of enzyme exclusively, little is knownabout the natural electron acceptor of their enzymes. Cytochrome c or a quinone may be the electron acceptor of this enzyme reaction. 13) Hydrogenase reaction is the first step of the electron flow in hydrogen-oxidizing bacteria. Thus finding a natural electron acceptor for the membrane-bound hydrogenase is essential in understanding the physiology and ecology of hydrogen-oxidizing bacteria.
Hydrogenobacter thermophilus strain TK-6 is an obligately autotrophic, extremely thermophilic hydrogen-oxidizing bacterium isolated in our laboratory. 14'15) The ecological role of this strain in a natural environment is of great interest. The bacterium, like most of the other hydrogen-oxidizing bacteria, was shown to contain only a membrane-bound hydrogenase.
We have previously purified cytochrome c16) and a major quinone.17) The quinone was a sulfur-containing quinone with a newstructure and named "methionaquinone."
In this work, we obtained a partially purified membrane-bound hydrogenase free from quinones or cytochromes from the cells of H. thermophilus, and examined the reactivity of the enzyme against cytochrome c or methionaquinone that were purified from the same strain.
MATERIALS AND METHODS
Organisms and cultivation. H. thermophilus type strain TK-6 (IAM 12695) was grown and harvested as described previously.14)15) Harvested cells were washed twice with 50him phosphate buffer (pH 7.0) and suspended in the same buffer (1 g wet cells/4ml buffer). The cell suspension was stored at -80°C until use. The reaction was started by injecting the enzymesolution. A unit of enzyme activity was defined as the reduction of 1 jumol of methylene blue per min. The molar extinction coefficient of methylene blue was 1 3. 1 cm2/^mol.6) (2) NADreduction. NADreducing activity was measured spectrophotometrically by measuring the reduction of NADin 1-cm cuvettes at 340nm and at 70°C. The reaction mixture contained 3 ml of 50 mMphosphate buffer (pH 7.0), 50/d of NAD solution (50mg/ml) and an appropriate amount of extract. After phosphate buffer and NADsolution were saturated with molecular hy-drogen at 70°C for several minutes, the reaction was started by injecting the extract.
Materials. Butyl-Toyopearl 650Mwas purchased from
Localization of hydrogenase. The cell suspension was thawed and the cells were disrupted by passage through a French press (1000 kg/cm2). Disrupted cell suspension was ultracentrifuged (100,000 x g, 1 hr). Hydrogenase activities of both supernatant and precipitate fractions were measured.
Preparation of cytochrome c552. Cytochrome c552 was prepared as previously described. 16) Purification of membrane-boundhydrogenase.
Step 1. Solubilization.
Cell suspension (100ml) was thawed and the cells were disrupted by one passage through a French press (1000 kg/cm2). The membrane fraction was collected by ultracentrifugation (100,000 x g, 1 hr). Phosphate buffer (50mM, pH 7.0) was added to the Table I 
. Solubilization of the Membrane-bound Hydrogenase
Enzymeactivities were measured as described in Materials and Methods. * 100 per cent equals the activity obtained by the homogenate of the precipitate by ultracentrifugation. ** The pH of the homogenate was raised to 12 by 5n NaOHand lowered to 7 by 6n HC1 after 5min. *** The pH of the homogenate was lowered to 3 by 6n HC1 and raised to 7 by 5n NaOHafter 5min.
pellet to give an initial volume of 100 ml and the pellet was homogenized. Various detergents were added to the suspension and were stirred gently at 0°C for 1 hr. For acid or alkaline treatment, the solubilization was at 0°C for 5 min. After solubilization, the suspension was ultracentrifuged (100,000 x g, 1 hr). Activities of solubilized hydrogenase in the supernatant fractions were assayed (Table I) .
Step 2. Chromatography on Butyl-Toyopearl 650M. Alkaline treatment was used to purify the enzyme. A solution solubilized by alkaline treatment was condensed to 30ml by ultra filtration (Toyo Roshi Kaisha, Japan) using an ultra filter which has a molecular cut-off of 10,000. Ammonium sulfate was added to the condensed solution to give 10% saturation and the pH was adjusted to 7.0. The solution was put on a column of Butyl-Toyopearl 650M (0 1.9 x 18.2cm) pre-equilibrated with 10mMphosphate buffer (pH 7.0) containing 10% saturated ammoniumsulfate. The column was washed with 200ml of the same buffer and then eluted with a linear gradient of ammoniumsulfate, from 10 to 0%saturation in the same buffer. The gradient volume was 400ml. The eluate was fractionated (lO g/fraction). The hydrogenase activity of 100^1 of each fraction was assayed and the fractions with high enzymeactivity were condensed by ultra filtration as previously described.
Step 3. Chromatography on Hydroxyapatite.
The condensed solution was put on a column of Hydroxyapatite Other analysis. Protein was measured by the Bio-Rad protein assay method with bovine plasma albumin as a standard. A Hitachi 200-10 spectrophotometer was used for spectrophotometric methods throughout this study.
RESULTS

Localization of hydrogenase
Hydrogenase activity could be observed in the precipitate fraction exclusively (94%), using methylene blue as an electron acceptor (data not shown).
NADreducing activity
Neither precipitate nor soluble fraction reduced NADby molecular hydrogen.
Purification of membrane-bound hydrogenase
The result for the purification of membranebound hydrogenase from H. thermophilus strain TK-6 is summarized in Table II . Analysis by electrophoresis on polyacrylamide gel showed that the enzyme is still partially purified although coexistence of cytochromes was denied spectrophotometrically.
Influence of various detergents on hydrogenase activity
Effects of detergents on hydrogenase activity were tested. The results are shown in Table III . In general, anionic detergents and bile acids accelerated the activity and cationic detergents inhibited the activity.
Reduction of cytochrome c552 by membranebound hydrogenase
Noreduction of cytochrome c was observed when the hydrogenase solution was added to molecular-hydrogen-saturated cytochrome c solution. However, by adding sodium dodecyl- benzene sulfonate solution to the mixture, reduction of cytochrome c could be observed. No more increase in absorbance at 552 nm was observed upon the addition of dithionite, which means that cytochrome c was completely reduced at this stage (Fig. 1) . No reduction of cytochrome c could be observed when the solution was saturated with air ( Fig.  2) or nitrogen gas (Fig. 3) . DISCUSSION Weadopted alkaline treatment to solubilize the membrane-bound hydrogenase because the enzyme solubilized by alkaline treatment would be less modified (more like the native form) and more suitable for examining the reactivity with a natural electron acceptor than enzyme solubilized by detergents.
Wetried to obtain a purified enzyme by using the active fractions from Hydroxyapatite column chromatography in ion-exchange chromatography (DEAE-Toyopearl 650S, Toyo Soda Co., Tokyo), but did not get active fractions. The following reasons for the inactivation can be considered. (1) The con- The active fractions obtained by Hydroxyapatite column chromatography retained its activity (>90%, at 4°C) for at least 24hr, so the possibility of (1) may be excluded. contaminations with quinones or cytochromes were confirmed spectrophotometrically. So it becameclear that the cytochrome c is a natural electron acceptor of the membrane-bound hydrogenase in Hydrogenobacter thermophilus. Whether or not the membrane-bound hydrogenase has a prosthetic group such as a flavin is not known.
From the data obtained above and our unpublished data that the terminal cytochrome is a cytochrome o, not a cytochrome aa3, the electron transport system in H. thermophilus strain TK-6 can be illustrated as in Molecular hydrogen has a low oxidationreduction potential that can reduce NAD, which is the case with soluble hydrogenases of hydrogen-oxidizing bacteria.2~4) There is a considerable energy loss when using molecular hydrogen for the reduction of cytochrome c. The physiological importance in using cytochrome c as an acceptor for the membranebound hydrogenase is not clear. H. thermophilus fixes carbon dioxide via a kind of reductive tricarboxylic acid cycle.22) Therefore, a strong reductant must work to operate this cycle in the bacterium. Howthis aerobic bacterium supplies such a reductant must be clarified in future study.
